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Abstract 

We analyze the rare and flavor changing decay of the top quark into a charm quark and 
a gauge boson in the littlest Higgs model with T-parity (LHT). We calculate the one-loop 
level contributions from the T-parity odd mirror quarks and gauge bosons. We find that 
the decay t — > cV, (V — g, 7, Z) in the LHT model can be significantly enhanced relative 
to those in the Standard Model. Our numerical results show that the top quark FCNC 
decay can be as large as Brit — > eg) ~ 10~ 2 , Br(t — > cZ) ~ 10 and Br(t — > cy) ~ 10 -7 
in the favorite parameter space in the LHT model. 
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I. Introduction 



The detailed study of the dynamics of top quark production and decay is an important 
objective of experiments at the Tevatron, CERN Large Hadron Collider (LHC) and a possible 
International Linear e + e~ Collider (ILC). The enormous production rates for the top quark 
at the future colliders, reaching 10 7 tt pairs per year at the LHC with luminosity of Wfb^ 1 /y 
and 10 5 per year at a 500 GeV e + e _ Collider with luminosity of 100/6 _1 /y, will allow to 
perform precision studies of top quark properties. Due to the large mass of the top quark, it 
may be more sensitive to new physics than other fermions and it may serve as a window to 
probe new physics beyond the Standard Model (SM). 

In the SM, the flavor changing neutral current (FCNC) decays of the top quark, t — > cV 
with V = 7, Z, g, are absent at tree level and are extremely suppressed at one-loop level due to 
the GIM mechanism. Their branching ratios predicted in the SM are of O(10~ 10 ) or smaller 
[TJ[2], far below the detectable level at the Colliders. The top quark FCNC decays have been 
extensively studied in various extensions of the SM , e.g. two-Higgs Doublet model (2HDM), 
left-right models, SUSY, top-color assisted technicolor models (TC2), 331 models and models 
with extra singlet quarks [3]. It has been realized that the top quark FCNC decay modes can 
be enhanced by several orders of magnitude in some scenarios beyond the SM and might fall 
in the reach of the future Colliders. 

The Little Higgs mechanism [H [5] offers an alternative approach to SUSY for weakly 
coupled electroweak symmetry breaking (EWSB) without fine-tuning. The most compact 
implementation of the Little Higgs mechanism is known as the Littlest Higgs model [6, 7J. 
In this model, there are new vector bosons, a heavy top quark and a triplet of heavy scalars 
in addition to SM particles. The original Little Higgs models suffer strong constraints from 
electroweak precision data[8j. To solve this problem, a 2,2 discrete symmetry named "T- 
parity" (analogous to R-parity in SUSY) is introduced in Refs. [3 [10]. In the Littlest Higgs 
model with T parity (LHT), a large part of the model parameter space is consistent with 
data, and values of the symmetry breaking scale / can be as low as 500 GeV |llj . 
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The LHT model requires the introduction of "mirror fermions" for each SM fermion dou- 
blet. The mirror fermions are odd under T-parity and can be given large masses. We can 
introduce new flavor interactions in the mirror quark sector that could have a very different 
pattern from the ones present in the SM. In Refs. |13t [T4"l 116] . the impact of the mirror 
fermions on FCNC processes such as neutral meson mixing and rare K, B meson decays in 
the LHT model are studied in detail. In this paper, we will concentrate on the top quark 
FCNC decays t cV in the LHT model. 

The structure of this paper is as follows: In Sec. II, we briefly review the ingredients of 
the LHT model that are relevant to our calculation. In Sec. Ill, numerical analysis of t — ► cV 
in the LHT is presented. Finally, we give a short conclusion in Sec. IV. 

II. The Model 

A detailed description of the LHT model can be found in the literature \\.2\ [T3] , here we only 
review the ingredients which are relevant to the analysis in this paper. 

II. .1 Scalar sector 

The Littlest Higgs model embeds the electroweak sector of the standard model in an SU(5) / SO (5) 
non-linear sigma model. It begins with an SU(5) global symmetry with a locally gauged sub- 
group [SU(2) x U(l)] 2 . The SU(5) symmetry is spontaneously broken down to SO (5) via a 
vacuum expectation value (VEV) of order /. At the same time, the [SU(2) x U(l)] 2 gauge 
symmetry breaks to its diagonal subgroup SU(2)l x U(1)y which is identified as the SM 
electroweak gauge group. 

From the SU(5)/SO(5) breaking, there arise 14 Goldstone bosons which are described by 
the "pion" matrix n, given explicitly by 



where it consists of a doublet H and a triplet under the unbroken SU(2)i x U(l)y group 
which are given by 

*=( : *f p ) ■ (2 - 2) 

Here, .ff plays the role of the SM Higgs doublet, /i is the physical Higgs field and v ~ 246 
GeV. The fields r] and u> are eaten by heavy gauge bosons when the [SU(2) x U(l)] 2 gauge 
group is broken down to SU(2)l x U(1)y, whereas the 7r fields are absorbed by the standard 
model W/Z bosons after EWSB. The field h and $ remain in the spectrum. 

In the LHT model, a T-parity discrete symmetry is introduced to make the model con- 
sistent with the data. Under the T-parity, the fields <I>, uj and 77 are odd, and the SM Higgs 
doublet H is even. The Goldstones uo and T] are present in our analysis. 

II.. 2 Gauge boson sector 

In the LHT model, the T-even gauge boson sector consists only of the SM gauge bosons 

W±, Z L , A L (2.3) 

with masses given to lowest order in v/f by 

M WL = f, M Zl = ^^, M Al =0, (2.4) 
2 cos &w 

where 9w is the weak mixing angle, and g is the SM SU(2) gauge couplings. 

The T-odd gauge boson sector consists of three heavy "partners" of the SM gauge bosons 

W±, Z H , A H (2.5) 

with masses given to lowest order in v/f by 

M WH =gf, M ZH =gf, M Ar = (2.6) 

where g' is the SM U(l) gauge couplings. All these heavy gauge bosons will be involved in 
our analysis. 
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II.. 3 Fermion sector 

The T-even fermion sector consists of the SM quarks, leptons and an additional heavy quark 
T+. 

The T-odd fermion sector consists of three generations of mirror quarks and leptons and 
an additional heavy quark T_. The T_ will not be present in our analysis for the reason 
discussed in appendix A of Ref. [14J. Only the mirror quarks are involved in this paper. We 
denote them by 



(2.7) 



To the first order of v/f, their masses satisfy 

m u\j = m d\ 1 = m Hi, m u 2 H = m d 2 H = m H2 , m tt ^ = m^ g = m m - (2.8) 
II.. 4 T-odd flavor mixing 

In the LHT, the mirror fermions open up a new flavor structure in the model. As discussed 
in Ref. |13[ [T3| [16] , there are four CKM-like unitary mixing matrices in the mirror fermion 
sector: 

V Hu , V Hd , V Hl , V Hv . (2.9) 

Vh u and Vjj d are for the mirror quarks which are present in our analysis. These mirror 
mixing matrices are involved in the flavor changing interactions between SM fermions and 
T-odd mirror fermions which are mediated by the T-odd heavy gauge and Goldstone bosons 
( Wh, Zh, Ah and lj^ , uj° , rj) . Vh u and Vjj d satisfy the relation 

V hJh a = Vckm- (2.10) 

Following the method in [151 EE] , we parameterize the Vnd with three angles 9f 2 , 9 23 , 9f 3 and 
three phases Sf 2 , S 23 , Sf 3 



V Hd 



( r ,d r ,d a d „d p-iSin „d _— i<5f„ \ 

/ C 12 C 13 s 12 c 13 e S 13 e 3 » 

e d „d iSf 2 d d d piiSf^Si^) „d d d d d pi(<5f 3 -<5f 2 -5f 3 ) d r d „—iSi 3 

_s 12 c 23 e c 12 s 23 S 13 e 13 3 c 12 c 23 s 12 s 23 S 13 e 3 3 s 23 C 13 e A 

a d „d c,i{&$n-\r8i*) n d „d „d e iSl„ „d „d e i5^ „d n d „d e i(6f*—6fo) n d „d 

\ s 12 s 23 e A ~ c 12 c 23 S 13 e 3 _c 12 s 23 e A ~ s 12 c 23 S 13 e 3 C 23 C 13 ) 

(2.11) 



The matrix Vh u is then determined through Vh u = ^ffrf^cKM - ^he Feynman rules for the 
flavor violating interactions which are involved in our analysis can be found in Appendix B 
of Fief. US]. 

III. t-> cV in the LHT model 

In the LHT model, the flavor changing rare top decay t — ► cV (V = 7, Z, g) can be induced 
by the interactions between SM quarks and T-odd mirror quarks mediated by heavy T-odd 
gauge bosons and Goldstone bosons at one-loop level. The relevant Feynman diagrams are 
shown in Fig.l. 




Figure 1: The feynman diagrams for t — * cV (V = 7, Z, g) in the LHT. 

The amplitude of the decay is given by 

M{t^ cV) = u{p 2 )V»u( Pl )e^k, A), (3.1) 

where pi, p 2 and k are the momenta of the incoming top quark, outgoing charm quark, and 
outgoing gauge boson, respectively. e M (/c, A) is the polarization vector for the outgoing gauge 
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boson. At one- loop level, the diagrams in Fig.l give rise to effective vertices which can 
written as 

V»(tcZ) = ie[^(P L A z L + P R A Z R ) + k^(P L B z + P R B Z R )] 
V^tcri) = ie[^(P L Al + P R A^ + k^(P L Bl + P R B R )\ 
V^tcg) = ig s T a [^(P L A 9 L + P R A 9 R ) + k^{P L B 9 L + P R B 9 R )\ (3.2) 

where P Ri l = ^(1±7 5 > ^ v = §[7^> l v \ an d T a are the generators of SU(3)c- The form factors 
Al,r, Bl, R are the sums of the contributions from the diagrams in Fig.l. They encode the 
loop functions and depend on the masses and momenta of the external and internal quarks, 
heavy quarks, gauge bosons and heavy gauge bosons. For simplicity, we omit the explicit 
expressions for these form factors. The feynman diagrams and the corresponding amplitudes 
are generated by using FeynArts3[17\. We have added the relevant Feynman rules of the 
LHT model in FeynArts package. In the calculations of the one-loop diagrams we adopt 
the definitions of one-loop integral functions as in Ref.[18j. The loop integral functions are 
calculated by using the formulas in Ref.|19j. 

The new parameters in the LHT which are relevant to our analysis are 

/, m Hl , m m , m m , 9f 2 , 6f 3 , Sf 2 , <g 3 , Sf 3 (3.3) 

It is convenient to consider several representative scenarios for the structure of the Vnd- In 
Ref . [13] , the constraints on the mass spectrum of the mirror fermions have been investigated 
from the analysis of neutral meson mixing in the K, B and D systems. They found that 
a TeV scale GIM suppression is necessary for a generic choice of Vud- However, there are 
regions of parameter space where there are only very loose constraints on the mass spectrum 
of the mirror fermions. We will study the t — > cV in the regions of parameter space where 
the mass spectrum is not severely constrained in Ref.|13|. We concentrate our study in the 
following two scenarios for the structure of the Vh<i 

• Case I V Hd = 1, V Hu = ^ckm 

• Case II s^ 3 = 1/V2, sf 2 = 0, sf 3 = 0, Sf 2 = 0, #jf 3 = 0, 5f 3 = 

7 



In both the cases, the constraints on the mass spectrum of the mirror fermions are very 
relaxed. 

Before presenting numerical the results of t — > cV in the LHT, we would like to comment 
on the sensitivity of the future experiments to FCNC top quark decays. At the LHC with a 
100 integrated luminosity, the branching ratios can be measured as small as [20] 

Br(t -> eg) < 7.4 x 10 -3 , 
Br(t -> cZ) < 1.1 x 10" 4 , 
Br(t -> cry) < 1.0 x 10~ 4 



(3.4) 



0.01 



1E-3- 



1E-9 



Case I 
f=500 GeV 
m„ .=m =300 GeV 




1E-3 



1E-4- 



1E-5 



1E-6 



A 



1E-10 



1000 2000 3000 

m m [GeV] 



4000 5000 



1000 



Case I 
f=1000 GeV 
mu,=m u ,=300 GeV 




2000 3000 

m,„ GeV 



4000 5000 



Figure 2: Case I Vjjd = 1> Vffu = ^ckm- -^ or ^ fi§ ure ) / 1S taken to be 500 GeV. For 
the right one, / is equal to 1000 GeV. 

Now we present the numerical results for Br(t — > cV). We take mt = 171.4 GeV, mz = 
91.187 GeV, m w = 80.4 GeV, m c = 1.25 GeV, G F = 1.16639 x 10- 5 (GeV)- 2 , a = 1/128 and 
a s = 0.107[2lj. Because the total width of the top-quark is dominated by the leading decay 
mode t — > bW + , we define the branching ratio as 

r(t -» cV) 



Br(t -» cV) 



(3.5) 



r(t -> bw+y 

In fig. 2 we present the plot of the branching ratio of t — > cV (V = g, 7, Z) as a function of 
the mass of the third generation mirror quark for Case I. In this case we have taken Vud = 1) 



Vhu = ^CKM' * ne mixing in the down type gauge and Goldstone boson interactions are absent. 
In this case there are no constraints on the masses of the mirror quarks at one loop level from 
the K and B systems and the constraints come only from the D system. The constraints 
on the mass of the third generation mirror quark are very weak according to the analysis in 
Ref. [13]. From fig. 2, we can see that the branching ratios of t — > cV rise very fast with the 
increasing mass of the third generation mirror quark. For / = 500 GeV and mnz = 5000 
GeV, the branching ratios can reach 

Br(t -> eg) ps 1.33 x 10~ 3 
Br(t -» cZ) ps 3.83 x 10~ 6 

Br(t -> cry) ps 2.33 x 10~ 7 . (3.6) 
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Figure 3: Case II / = 500 GeV, s|j = 1/V2, while other angles are set to zero. For the left 
figure, mm = itihz is taken to be 1000 GeV. For the right one, mni = ^hi is equal to 3000 
GeV. 



In fig. 3 the dependence of branching ratio of t — > cV on m,H3 is presented for Case II. In 
this case, the constraints from the K and B systems are also very weak. Compared to Case 
I, the mixing between the second and the third generations are enhanced with the choice of 
a bigger mixing angle s^- The branching ratios of t — > cV are significantly enhanced even 
with stricter constraints on the masses of the mirror quarks from the D system. For / = 500 



GeV, mm = mm = 3000 and muz = 4000 GeV, the branching ratios can reach 

Brit -»• eg) « 1.44 x 10~ 2 
Br(* -► cZ) » 2.56 x 10~ 5 

Br(* -► c 7 ) « 1.33 x 10~ 7 . (3.7) 

In this case, the branching ratio of t — > eg can reach the detectable level of the LHC. For 
i — > cZ, the branching ratio is slightly below the expected reach of the LHC. 

IV. Conclusion 

We have calculated the one-loop contributions from the T-odd quarks and gauge bosons to 
the rare and flavor changing decay of the top quark in the LHT model. We find the branching 
ratios of the t — > cV, (V = g, 7, Z) in the LHT model can be significantly enhanced relative 
to those in the SM. In our numerical analysis, we have chosen two favorite scenarios for the 
structure of the mixing matrix Vnd i n the mirror fermion sector. For both of these cases, the 
constraints on the mass spectrum of the mirror quarks from the data of neutral meson mixing 
are very weak. Our numerical results show that the branching ratios of top quark decay into 
a charm quark and a gauge boson can reach to Br(t — > eg) ~ 10™ 2 , Br(t — > cZ) ~ 10~ 5 and 
Br(t — > cry) ~ 10~ 7 for optimistic parameter choice in the LHT model. 
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